a key second messenger found ubiquitously in higher eukaryotic cells.
Background
PtdIns(4,5)P 2 [1, 8, 9] . Previous data has suggested, however, that PtdIns(3,4,5)P 3 synthesis may occur through The activation of Class I phosphoinositide 3-kinases (PI 3-kinases) and the subsequent production of the 5-phosphorylation of PtdIns(3,4)P 2 [10, 11] , although this data was challenged by Carter et al. [12] . Also, integPtdIns(3,4,5)P 3 is an important cell signaling event that has been causally linked to the activation of a variety of rin-dependent synthesis of PtdIns(3,4)P 2 occurs by the 4-phosphorylation of PtdIns(3)P [13] , providing the subdownstream cellular processes, such as cell migration and proliferation [1] . The role of this lipid in the regulation strate for such a pathway. Finally, genetic data in C. elegans show that constitutive dauer entry (the dauer phenotype of these pathways appears to be through the specific binding of target proteins [2, 3] . For example, the generation is blocked by 3-phosphorylated phosphoinositides), a phenotype that is dependent on the deletion of Class I PI of PtdIns(3,4,5)P 3 leads to the translocation of protein kinase B (PKB) and its upstream activator PDK-1 to the 3-kinase, AGE-1, is suppressed by the deletion of the PTEN homolog, a PtdIns(3,4,5)P 3 3-phosphatase, sugmembrane (an essential event in the activation of PKB [5] [6] [7] ) [4] . Although numerous proteins regulating a varigesting an alternative pathway for the synthesis of 3-phosphorylated phosphoinositides. These data are conety of biological pathways have been shown to bind to PtdIns(3,4,5)P 3 , there are no data to demonstrate multiple sistent with the hypothesis that, under certain circumstances, the following cellular pathway of PtdIns(3,4,5)P 3 mechanisms for PtdIns(3,4,5)P 3 synthesis in vivo. This would allow greater control over both its spatial and synthesis may be utilized: PtdIns → PtdIns(3)P → PtdIns(3,4)P 2 → PtdIns(3,4,5)P 3 . Thus far, however, no temporal levels. In response to extracellular signaling, only one pathway has been described for the synthesis PtdIns(3,4)P 2 5-kinase activity (the enzyme that would carry out the last step of the above reaction) has been of PtdIns(3,4,5)P 3 , which is through the activation of Class I PI 3-kinases leading to the 3-phosphorylation of characterized in vivo, and no signaling pathways have Type I␣ PIPkinase generates PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 in vivo. (a) Autoradiograph of glycerophosphoinositides (gPIns) showing the positions of gPIns(4,5)P 2 and gPIns(3,4,5)P 3 . Cos-7 cells were transiently transfected with plasmids encoding either LacZ (I) or murine Type I␣ PIPkinase (II). After orthophosphate labeling, the phospholipids were extracted and deacylated. The resulting gPIns were resolved using PEI-cellulose chromatography and developed by autoradiography (see Materials and methods for a detailed protocol). The result shown is typical of one of ten independent experiments. (b) HPLC trace showing the separation of gPIns that are generated from Cos-7 cells expressing murine Type I␣ PIPkinase. gPIns, isolated as described above, were resolved using SAX HPLC coupled to an online scintillation counter. The result shown is representative of one of five independent experiments and shows a typical trace recorded from the online scintillation counter. The trace displays radioactivity (cpm) as a function of elution time (min) off the SAX HPLC column. The peaks corresponding to gPIns(4,5)P 2 and gPIns(3,4,5)P 3 are indicated. The asterisk (*) denotes [
32 P]ATP that coeluted exactly with nonradioactive ATP (added to each sample before loading to serve as an internal control) as indicated by UV spectrograph. (c) Duplicate samples to those used in (b) were resolved next to a gPIns(3,4,5)P 3 standard that was spiked with [ 32 P]ATP using PEIcellulose chromatography and developed by autoradiography. The gPIns(3,4,5)P 3 standard comigrates exactly with the spot produced in the gPIns samples that are isolated from Cos-7 cells expressing murine Type I␣ PIPkinase (as indicated).
been shown to regulate the synthesis of PtdIns(3,4,5)P 3 tion of PtdIns(3,4)P 2 , we examined the phosphoinositide by this mechanism. Type I␣ PIPkinase [14, 15] , which products that were generated after heterologous expresis responsible for the homeostasis of cellular PtdIns(4,5)P 2 sion of Type I␣ PIPkinase in Cos-7 cells. We detected levels through its well-characterized PtdIns(4)P 5-kinase a 1.5-fold increase in the level of PtdIns(4,5)P 2 in cells activity, has been shown to phosphorylate a number of expressing Type I␣ PIPkinase compared to control samdifferent substrates in vitro including PtdIns(3,4)P 2 [16] .
ples (Figure 1a ), expected because of its previously deIn this paper, we have examined whether Type I␣ PIPkifined activity [15, 17, 18] . We also observed increased nase can generate PtdIns(3,4,5)P 3 in vivo. Furthermore, phosphorylation of another phospholipid, which comiwe have addressed how this synthesis occurs, and degrated with an authentic PtdIns(3,4,5)P 3 standard (data scribed the substrate and the phosphorylation step that not shown). This lipid was deacylated, and further analysis Type I␣ PIPkinase catalyzes. This reveals a novel signalusing both PEI-cellulose ( Figure 1a ) and HPLC chromaing pathway that is triggered in cells by oxidative stress. tography ( Figure 1b ) confirmed this identification ( Figure  1c ; all of the isoforms of Type I PIPkinases, ␣, ␤, and ␥, led to increased levels of PtdIns(3,4,5)P 3 in vivo; data
Results

not shown). Quantification showed that overexpression
Type I␣ PIPkinase synthesizes PtdIns(3,4,5)P 3
of Type I␣ PIPkinase leads to a 9-fold increase in when expressed in Cos-7 cells
PtdIns(3,4,5)P 3 (dependent upon the efficiency and time To determine whether Type I␣ PIPkinase is able to synthesize PtdIns(3,4,5)P 3 in vivo through the 5-phosphorylaof transfection) levels compared to controls, which did Defining the pathway of PtdIns(3,4,5)P 3 synthesis
In Cos-7 cells, Type I␣ PIPkinase expression led to increases in PtdIns(3,4,5)P 3 but never to detectable changes in the levels of PtdIns(3,4)P 2 , suggested to be generated primarily by the 5-dephosphorylation of PtdIns(3,4,5)P 3 [8, 9, 20]. We considered two possible explanations for the presence of PtdIns(3,4,5)P 3 and the absence of detectable PtdIns(3,4)P 2 . First, Type I␣ PIPkinase could generate PtdIns(3,4,5)P 3 through the 5-phosphorylation of PtdIns(3,4)P 2 . Second, the increase in the PtdIns(4,5)P 2 levels could, through mass action, lead to enhanced PtdIns(3,4,5)P 3 levels by the opportunistic action of a Class I PI 3-kinase without 5-dephosphorylation (SHIP is an agonist-stimulated 5-phosphatase [21, 22] , which may not be recruited/activated at the plasma membrane during Type I␣ PIPkinase overexpression). To assess the latter point, we investigated the dependency of PtdIns(3,4,5)P 3 production on the activity of the classical Class I p110/p85 PI 3-kinase using a dominant-negative version of the p85 subunit (termed ⌬p85) [6] . Coexpression of ⌬p85 with Type I␣ PIPkinase had no effect on the production of PtdIns(3,4,5)P 3 (Figure 2 ; it should be noted that we cannot rule out the role of PI 3-kinase ␥, as this does not bind to and thus is not inhibited by the we examined its synthesis in isolated membranes from Cos-7 cells either transfected with Type I␣ PIPkinase or CAAX-PI 3-kinase ␥ (a constitutively active PI 3-kinase utilized as a control). Both membrane preparations gennot express the lipid kinase (this represents approximately erated PtdIns(3,4,5)P 3 when incubated with [ 32 P]ATP 1%-2% of the levels of PtdIns(4,5)P 2 , comparable to and as expected, CAAX PI 3-kinase was sensitive to wortlevels that were generated either by growth factor stimmannin ( Figure 3a ). Type I␣ PIPkinase-dependent ulation [8, 9] or by the expression of a constitutively actiPtdIns(3,4,5)P 3 synthesis, however, was completely invated PI 3-kinase; Figure 2 ). To demonstrate that the sensitive to concentrations of wortmannin up to 5 M PtdIns(3,4,5)P 3 synthesis was directly attributable to Type (final concentration). Taken together, these data ruled I␣ PIPkinase activity, a catalytically inactive version was out the involvement of Class I PI 3-kinases in the final expressed and the phospholipid profile was studied. No step of the synthesis pathway in isolated membranes, increase in either PtdIns(4,5)P 2 or PtdIns(3,4,5)P 3 levels indicating that Type I␣ PIPkinase activity synthesizes was detected (in some cases, a very small increase in lipid PtdIns(3,4,5)P 3 in vivo by the 5-OH phosphorylation of levels was seen; however, this is attributed to the fact PtdIns(3,4)P 2 . that the inactive kinase maintains approximately 1% of the activity associated with the wild-type enzyme; data To unequivocally demonstrate that the PtdIns(3,4,5)P 3 not shown). This mutant displayed a similar cellular localderived in the in vitro membrane phosphorylation assay ization as the wild-type protein and interacted with a was through the 5-phosphorylation of PtdIns(3,4)P 2 , we number of authentic Type I␣ PIPkinase binding partners characterized the position of phosphorylation. The la-(PLD2 [19] and Rac1), suggesting it was folded correctly.
beled PtdIns(3,4,5)P 3 was purified and treated with SHIP Therefore, PtdIns(3,4,5)P 3 synthesis in the overexpress- [21, 22] . 5-phosphate specificity of the SHIP was demoning cells was entirely dependent upon Type I␣ PIPkinase strated using PtdIns(3,4,5)P 3 that was radiolabeled on the 4-position. SHIP hydrolysis of this PtdIns(3, 32P 4,5)P 3 gencatalytic activity. PtdIns(3,4,5)P 3 spots (generated from membranes of Type I␣ PIPkinase-expressing cells or from recombinant Type II PIPkinase phosphorylating PtdIns(3,5)P 2 vesicles) were resolved by TLC, isolated, and recovered from silica. PtdIns(3,4,5)P 3 vesicles were generated and incubated with (ϩSHIP) or without (ϪSHIP) the purified 5-phosphatase, SHIP and reresolved by TLC (see Materials and methods). The autoradiograph of a typical TLC plate shows the reduction in the PtdIns(3,4,5)P 3 spot after incubation with SHIP compared to the control. PtdIns(3,4,5)P 3 that was generated by Type II PIPkinase was dephosphorylated by SHIP and generated the phospholipid product, PtdIns(3,4)P 2 . The TLC shown is representative of one sample from a total of three duplicate samples. The same experiment was repeated three times and generated the same result. (c) Release of [ 32 P]P i into the aqueous phase after SHIP incubation with Type I␣ PIPkinase (dashed boxes) or Type II PIPkinase (clear boxes) generated PtdIns(3,4,5)P 3 was measured and quantified in a scintillation counter. The results are plotted as cpm, and the error bars duplicates remaining in Type I␣ scrapings was measured using a scintillation display the standard deviation derived from PIPkinase-generated PtdIns(3,4,5)P 3 counter. All the results shown in this figure are triplicate samples. This experiment was samples, the silica spots corresponding to representative of at least three independent repeated three times, generating highly similar PtdIns(3,4,5)P 3 were scraped and the experiments. The data are expressed as results each time. (d) From the two radioactivity (cpm) contained within these the mean value of the duplicate samples.
erated [
32 P]PtdIns(3,4)P 2 (Figure 3b) , with no counts sized in membranes that were expressing the kinase-inactive version (see Figure 6 ). These data demonstrate that being released into the aqueous phase of a lipid extraction. Dephosphorylation of Type I␣ PIPkinase-derived Type I␣ PIPkinase phosphorylated nonradiolabeled PtdIns(3,4)P 2 in the membrane preparations to produce PtdIns(3,4,5)P 3 yielded no labeled PtdIns(3,4)P 2 . The decrease in the labeled PtdIns(3,4,5)P 3 (69.3%; Figure 3b ) PtdIns(3,4, [32P] 5)P 3 . It does not utilize PtdIns(3)P to generate PtdIns(3,4,5)P 3 as suggested previously (otherwise, was released into the water-soluble phase as [ 32 P]P i (Figure 3c) . Quantification (Figure 3d) showed that the radiolabeled PtdIns(3,4)P 2 would have been produced after SHIP dephosphorylation). Type I␣ PIPkinase appears, activity in the released [ 32 P]P i and in the remaining PtdIns(3,4,5)P 3 spots were equivalent to the radioactivity therefore, to have two autonomous in vivo catalytic activities: acting as a PtdIns(4)P 5-kinase to regulate the that was present in the control PtdIns(3,4,5)P 3 spot before treatment with the SHIP. No PtdIns(3,4,5)P 3 was synthePtdIns(4,5)P 2 levels and also as a PtdIns(3,4)P 2 5-kinase to produce PtdIns(3,4,5)P 3 . To unequivocally demontext. To study this, we examined the effect of oxidative strate that Type I␣ PIPkinase is able to carry out this stress for the reasons outlined below. reaction, we confirmed the observations of two previous studies, which showed that purified recombinant Type
Oxidative stress-induced PtdIns(3,4,5)P 3 is synthesized by an endogenous PtdIns(3,4)P 2 5-kinase I␣ PIPkinase is able to phosphorylate PtdIns(3,4)P 2 in Oxidative stress occurs naturally within cells through the an in vitro assay (we have confirmed this using recombiproduction of reactive oxygen species (ROS), which are nant enzymes purified from both bacteria and COS cells;
by-products of the metabolic process. The synthesis of data not shown). In addition, using Type I PIPkinase-ROS and their effects on lipids and DNA are thought to specific antisera, we immunoprecipitated the endogenous underlie their role in the processes of aging and cellular PIPkinase from cells and examined what products were senescence [23, 24] . On the other hand, however, expogenerated in lipid kinase assays using either PtdIns(4)P sure of cells to a variety of agonists, including EGF [25] , or PtdIns(3,4)P 2 as substrates. We were able to generate PDGF [26] , angiotensin [27, 28] , and an array of cytokines the lipid products PtdIns(4,5)P 2 or PtdIns(3,4,5)P 3 , respec- [23, 24] also leads to cellular production of ROS. A key tively (data not shown). Thus, Type I␣ PIPkinase acts cell survival protein, PKB [27] , which is regulated by as a PtdIns(4)P 5-kinase and a PtdIns(3,4)P 2 5-kinase, the PI 3-kinases and 3-phosphorylated inositides, is also both in vivo and in vitro. The question still remained, however, as to whether this occurs in a physiological conactivated by oxidative stress, which is of interest to this Heterologous expression of Type I␣ PIPkinase enhances extracted and separated by TLC. (b) Samples from (a) were deacylated PtdIns(3,4,5)P 3 production in response to oxidative stress in vivo.
and chromatographed using PEI-cellulose to separate the (a) Cos-7 cells were transfected as indicated, labeled in vivo with gPIns(3,4)P 2 from gPIns(4,5)P 2 . Quantification of the changes in the [ study as oxidative stress leads to enhanced PtdIns(3,4)P 2 PtdIns(3,4,5)P 3 in a wortmannin-insensitive manner. The newly synthesized PtdIns(3,4,5)P 3 was dephosphorylated levels together with much smaller increases in PtdIns(3,4,5)P 3 [29] . This pattern of lipid synthesis is inusing SHIP, and the majority of counts was found in the 5-position (data not shown). To determine whether consistent with the previously defined pathway for the synthesis of these two lipids. To study the synthesis of oxidative stress leads to the recruitment of a PtdIns(3,4)P 2 5-kinase to membranes or leads to substrate specificity oxidative stress-induced PtdIns(3,4,5)P 3 , we treated cells (untransfected Cos cells; Figure 4a , lanes 1 and 2, and changes in Type I␣ PIPkinase activity, we investigated whether this activity was already present in nonstimulated murine erythroleukemia (MEL) cells; Figure 4a , lanes 3 and 4) with hydrogen peroxide (H 2 O 2 ), isolated memmembranes. As can be seen (Figure 4c ), a PtdIns(3,4)P 2 5-kinase is already present in control membranes that branes, and then labeled them in vitro in the presence of 1 M wortmannin (please note that this experiment canare isolated from both MEL or Cos-7 cells. These data demonstrate that in two different, unrelated cell lines, not be carried out in vivo, as the production of PtdIns(3)P or PtdIns(3,4)P 2 would require the action of a PI 3-kinase).
oxidative stress-induced PtdIns(3,4,5)P 3 synthesis occurs through the action of an endogenous PtdIns(3,4)P 2 The lipid products were separated by TLC (Figure 4a) , and in the case of the Cos cells, were deacylated and 5-kinase and not through a Class I PI 3-kinase phosphorylating PtdIns(4,5)P 2 . We conclude that oxidative stressthe inositol headgroup chromatographed on PEI-cellulose (Figure 4b) . The results clearly demonstrate that treatderived PtdIns(3,4,5)P 3 is made by a different pathway to that synthesized in response to growth factor stimulation. ment with H 2 O 2 leads to the enhanced synthesis of PtdIns(3,4)P 2 was formed. To demonstrate that the inTo demonstrate that Type I␣ PIPkinase is likely to be the crease in PtdIns(3,4,5)P 3 occurred through the 5-phosPtdIns(3,4)P 2 5-kinase that is activated during oxidative phorylation of PtdIns(3,4)P 2 , we isolated membranes stress, we sought to enhance PtdIns(3,4,5)P 3 synthesis from these cells and labeled them in vitro with [ (Figure 6a,b) . To ure 5a,c) compared to cells that were transfected with unequivocally demonstrate that this occurred by the GFP alone. H 2 O 2 also led to a 10-fold increase in the 5-phosphorylation of PtdIns(3,4)P 2 , we isolated this levels of PtdIns(3,4)P 2 (Figure 5b) . Quantification of the PtdIns(3,4,5)P 3 (Figure 6c ) and dephosphorylated it using SHIP (Figure 6d) . No radiolabeled PtdInsP 2 species were PtdIns(3,4)P 2 levels showed that in cells that were trans- Two pathways of PtdIns(3,4,5)P 3 synthesis in cells. Representation of the two biosynthetic pathways that are differentially employed by cells depending upon the agonist that is applied. The lower pathway, utilized by cells during growth factor stimulation, is dependent upon Type I␣ PIPkinase to generate PtdIns(4,5)P 2 , which is phosphorylated by PI 3-kinase to generate PtdIns(3,4,5)P 3 . This newly synthesized PtdIns(3,4,5)P 3 is the biological target for PtdIns(3,4,5)P 3 5-phosphatases such as SHIP, which generates PtdIns(3,4)P 2 (represented by the dotted arrow). The upper pathway, utilized by cells during oxidative stress, is dependent upon Type I␣ PIPkinase to synthesize PtdIns(3,4,5)P 3 from PtdIns(3,4)P 2 . The enzymes acting upstream of PtdIns(3,4)P 2 are illustrated with question marks, indicating that their identities are still yet to be established.
found, and the decrease in radioactivity in PtdIns(3,4,5)P 3
PtdIns(3,4,5)P 3 levels and thus those pathways that act downstream. by the action of SHIP was recovered in the water-soluble phase (Figure 6d,e) . These data demonstrate that Type I␣ PIPkinase, an enzyme that has previously been classi-
Materials and methods
fied as a PtdIns(4)P 5-kinase, is also a PtdIns(3,4)P 2
Cell culture and orthophosphate labeling and analysis
5-kinase in vivo, and is responsible for the oxidative
Cos-7 cells were seeded at 30% confluency in 10% fetal bovine serum stress-induced PtdIns(3,4,5)P 3 synthesis.
(Gibco) in Dulbecco's modified Eagle's medium (DMEM; 24 hr before transfection). The transfection procedure using DEAE-dextran was performed using optimal titrations of each construct so as to generate uniform and consistent expression. pcDNA3-based plasmids bearing the Conclusions complete coding regions of murine Type I␣ PIPkinase were cloned as In summary, our data define a novel route for the in vivo amino-terminal fusions encoding a polyglutamate (EE) region (EE-PIPkinase I␣). The kinase-dead mutant (K138A) of murine Type I␣ PIPkinase synthesis of PtdIns(3,4,5)P 3. The first and best characterwas constructed using the primers described by Ishihara et al. [18] .
ized to date is mediated by Class IA PI 3-kinases and is Following transfection, the cells were washed twice with 1ϫ RPMI buffer utilized during growth factor stimulation. Our data outline containing 15 mM HEPES, 140 mM NaCl, 5 mM KCl, 2.8 mM NaHCO 3 , a second pathway that is mediated by Type I␣ PIPkinase, 1.5 mM CaCl 2 , 1 mM MgCl 2 , 0.06 mM MgSO 4 , and 5.6 mM glucose (pH 7.4), and labeled in the above medium with [ 32 P]orthophosphate which acts in vivo as a PtdIns(3,4)P 2 5-kinase. Thus, cells (10 Ci/ml) at 37ЊC for 2 hr. The cells were lysed by the addition of differentially utilize two different PtdIns(3,4,5)P 3 synthe-0.45 ml 1.2 N HCl on ice and were collected by scraping. The wells sis pathways according to the stimulation applied (summawere washed with a further 0.6 ml methanol and the phospholipids were rized in Figure 7 ). This study raises two intriguing points.
extracted by the addition of 0.5 ml chloroform. After the removal of the The first is that for cellular processes previously deemed lower organic phase (phospholipids), cellular protein was recovered from the interface by the addition of 1 ml methanol. The protein was collected to be PtdIns(4,5)P 2 -dependent (defined as such by overby centrifugation, washed once with 80% (v/v) acetone, air dried, and expression of Type I␣ PIPkinase) such as the regulation resuspended in 50 mM Tris (pH 7.4) containing 8 M urea. Expression of actin polymerization [30, 31] and the activation of ERM levels of transfected proteins were determined by Western blotting.
proteins [32] , we argue that the phospholipid intermediary that is exacting a biological role may be PtdIns(3,4,5)P 3.
Extracted phospholipids were chemically deacylated using 40% (v/v) The second and more important is that, in response to PtdIns(3,4)P 2 ) through a separately regulated pathway, discontinuous gradient up to 1 M (NH 4 ) 2 HPO 4 ·H 2 PO 4 (pH 3.8) at a flow rate of 1 ml/min as previously described [33] .
places this enzyme as a key regulator of cellular Cloning of the third isoform and deletion/substitution analysis of members of this novel lipid kinase family. J Biol
